INTRODUCTION
In the year 1940, exactly 76 years ago, Jan Nyboer introduced, for the first time, impedance plethysmography (IPG) for the noninvasive assessment of central and peripheral blood flow. 1 The literal meaning of IPG is "Recording of instantaneous volume (of an object) by measurement of its electrical impedance". During those days, ultrasound imaging was not even thought of for such assessment and plethysmography remained the method of choice for measurement of blood flow. Volume displacement plethysmography and photo plethysmography gained impetus and soon became clinically viable techniques due to their simplicity and noise-free output. Impedance plethysmography, despite its low signal-to-noise ratio, continued to be extensively used for research due to direct connectivity of electrical resistivity with hemoglobin. Also, electrical resistivity of biological materials had 500-fold variations, as shown in Table 1 , which made it a very useful tool for differentiating biological tissues (Table 1) .
A typical impedance-measuring system is comprised of a sine-wave oscillator followed by voltage-to-current converter. This converter outputs sinusoidal current of constant amplitude (1-3 mA) which can be passed though the body segment with the help of two band electrodes called the carrier or the current electrodes I1 and I2. Voltage signal developed along the current path is sensed with the help of another pair of electrodes, called the sensing electrodes or voltage electrodes V1 and V2 (Fig. 1 ). The amplitude of the signal thus obtained is directly proportional to the electrical impedance of the body segment between the electrodes V1 and V2. The amplification and detection of this signal yields an output signal, which is proportional to instantaneous impedance (Z) of the body segment. Initial value of the impedance, also known as basal impedance (Zo), is obtained from a sample and hold circuit and is numerically displayed on the panel. Small changes in the impedance of the body segment caused by physiological processes like blood circulation and respiration are obtained by subtracting the initial value of the impedance from the instantaneous impedance and is called the ΔZ(t) waveform. The Z is also differentiated with respect to time to get the rate of change of impedance or the dZ/dt waveform. By convention, -ΔZ(t) and -dZ/dt are recorded on a strip chart recorder to represent blood volume changes but they are colloquially called ΔZ(t) and dZ/dt waveforms. Since dZ(t) and dZ/dt are produced by the physiological processes, it is possible to extract the changes produced by one particular process either by suppressing the other process or by signal processing techniques. For example, to extract the signal produced by blood circulation, the subject under investigation can be instructed to hold his breath. On the other hand, a low-pass filter can suppress the changes caused by blood circulation and give the changes produced by respiration. Nyboer's equation, derived from parallel conductor theory, relates the blood volume changes (ΔV) with the changes in electrical impedance (ΔZ) as follows (Nyboer 1960) 1 :
where ρb is the resistivity of blood in Ω•cm, L is the length between sensing electrodes and Zo is the gross electrical impedance of the body segment. This equation is modified appropriately to obtain stroke volume (SV)/ cardiac output (CO) from dZ/dt waveform 2 and peripheral Blood flow index (BFI) from ΔZ waveform with the help of venous occlusion principle. 3
Blood flow index in mL per 100 cc of body tissue per minute:
where (dZ/dt)m is the maximum value in dZ/dt waveform, T is left ventricular ejection time, and ΔZa is the change in ΔZ signal in Ta seconds after temporary occlusion of proximal veins with the help of a tourniquet.
With joint efforts of Bhabha Atomic Research Centre (BARC), KEM Hospital, and JJ Hospital a new method for estimating peripheral blood flow from dZ/dt waveform was developed. This method was not only simple but also yielded peripheral blood flow in real time in several segments of the limb. 4 With this new method, BFI, differential pulse arrival time (DPAT) and pulse termination time (PTT) could be estimated in different segments of the limb -such as upper arm, elbow, forearm, and wrist in the upper extremity and upper thigh, knee, calf, and ankle in the lower extremity -from the basal impedance value and dZ/dt waveform recorded from the respective segment. Also coefficient of venous stasis (CVS) could be estimated by ratio of BFI in elevated position to that in supine position of the limb. Venous capacitance (VC) and maximum venous outflow (MVO) could be estimated from ΔdZ(t) waveform using venous occlusion principle for detecting diseases of the veins in addition to CVS and PTT.
DIAGNOSIS OF PERIPHERAL VASCULAR OCCLUSIVE DISEASES
Extensive clinical trials on 100 normal subjects and 10,000 patients with peripheral vascular occlusive diseases at KEM Hospital and JJ Hospital during 1978 to 1990, and comparison of IPG observations with angiography observations in more than 500 subjects revealed the sensitivity and specificity of the indigenously developed technique to be 96 and 98% for the diagnosis of peripheral arterial occlusive disease 5, 6 and more than 80% for the diagnosis of deep vein thrombosis. 7 Typical data is shown in Figures 2 and 3 and ( Table 2) respectively. Fig. 1 : Block diagram of a typical IPG system. Constant-amplitude sinusoidal current is passed through the body segment with the help of current electrodes I1 and I2. Voltage-sensing electrodes V1 and V2 are applied at desired location on the body segment along the current path. The amplitude of sensed sinusoidal signal is directly proportional to the instantaneous impedance Z of the body segment between the sensing electrodes. Z is processed electronically yield basal impedance Zo, ΔZ(t), and dZ/dt waveform Table 2 . Blood flow index values indicate reduction in blood flow in the left leg. Increase in DPAT at left knee and further increase in the same at left ankle suggest that there is a block at thigh level in the left leg and there is also a second block below knee. Forty percent BFI at left knee, in comparison to that at right, suggests 40% collateral circulation around the proximal block and 10 to 15% distal arterial runoff 
CARDIAC OUTPUT MONITORING
As mentioned earlier, IPG technique has been the method of choice for the assessment of central and peripheral blood flow right from its invention. During late 1960s, Doppler ultrasonic flow meters came into existence, which were simpler to use than the comparatively cumbersome IPG. Color Doppler, introduced during late 1980s, scored heavily over IPG technique and eventually pushed it to the back seat. However, the advantages of IPG over imaging techniques, such as color Doppler were missed by nearly all the researchers. These advantages were as follows:
• It was possible to assess the collateral circulation around the vascular block by IPG. These vessels could not be assessed by color Doppler due to their small cross-sectional area and low blood velocity. • It was possible to detect multiple blocks in a limb by IPG, which was difficult by color Doppler, again due to low blood velocity in the distal limb segment. • Impedance plethysmography yielded total blood flow in the limb segment, which is important to know for the survival of the limb, in contrast Doppler yielded blood velocity in a particular artery. However, for estimation of SV and CO, no other noninvasive method could overtake IPG. During the past 50 years numerable studies have been carried out on the accuracy of IPG in yielding SV and CO including those during the flight (applications in aerospace medicine). Comparison with invasive methods have shown around MGMJMS 80% accuracy of IPG in the spot measurement of SV and CO. The accuracy got further deteriorated in patients with cardiac shunts and valvular regurgitation. But the studies regarding continuous monitoring of CO using IPG in comparison to invasive methods have exhibited a high degree of correlation (up to 96%). 8 Thus IPG is the method of choice for continuous monitoring of CO in critically sick patients and is the only noninvasive method. Figure 4 depicts an indigenous CO monitor developed at BARC. There have been many improvements in the Kubicek's formula for SV estimation in the past 50 years incorporating hematocrit dependence, etc.; however, not much improvement was obtained in clinical correlation. Formula given by Bernstein and Lemmens 9 in 2005 has for the first time has taken care of the huge error contributed by the square terms of L and Zo and yielded better clinical correlation.
MEASUREMENT ON RESPIRATORY SYSTEM
Atzler and Lehman were the first to report the change in electrical impedance due to respiratory activity. 10 They placed thorax of humans between plates of a capacitor which was part of their resonant circuit. The movements of thorax during respiration produce changes in the plate current of oscillator, which was recorded to characterize physiological variations. These investigators reported respiratory signal as unwanted artifact as their goal was to detect cardiac-originated signal.
Baker and Hill 11 stated that electrical impedance used successfully to monitor and detect changes in volume of fluid in thorax (e.g., pulmonary edema). Pomerantz et al 12 detected pulmonary edema in dogs which was induced by alloxan. It was detected by impedance before the clinical observation. For detecting pleural effusion in dog, they injected saline into pleural cavity and found that as low as 50 mL of saline can be detected by impedance measurement. Van de Water et al 13 proved impedance measurement to be greatly effective in monitoring intrathoracic fluid in patients. The change in impedance was found to be of the order of 2Ω per liter. Hoon et al 14 have shown fall in the thoracic impedance at height of 3,650 m.
Impedance plethysmography was also used by number of investigators for measurement of tidal volume, vital capacity, etc. and shown excellent correlation with spirometer; however, strain gauge plethysmography has scored over impedance method for the monitoring of respiration due to ease of putting transducer/electrodes on the body for longer intervals of time. During in vivo imaging of cardiac-related impedance changes, Eyuboglu et al 15 have obtained tomographic view of the lungs for detailed study of the lungs.
BODY COMPOSITION ANALYSIS
Patterson 16 determined body fluid using multiple measurements by placing the electrodes on right arm, right can be used for viewing the trend or variability. Also, there is Log function, which converts file into text format and saves, for viewing data in some other application software leg, left arm, and left leg on the body. They observed that combining separate impedance measurements of the arms, trunk, and legs can predict total body water and body fat. Baumgartner et al 17 in a group of 153 subjects found that 70 to 75% of variation in the impedance was influenced by anthropometric factors. These were suitable predictors of impedance than the height, weight, mean skin fold thickness, or fat pattern. Schoeller and Kushner 18 suggested bioimpedance analysis is rapid, portable, reliable, and easy to operate method for body fluid measurement than the traditional anthropometric technique. A recent study by Patil et al 19 validated bioelectrical impedance of body fat mass against X-ray absorptiometry in Indian adults. The healthy subjects were analyzed by two methods, i.e., fat mass (FM) measurement by dual energy X-ray absorptiometry and by commercially available segmental multifrequency bioelectrical impedance analysis (BIA) instrument. Fat mass obtained from dual-energy X-ray absorptiometry was found to be 28.11 ± 9.30 kg against BIA measured FM of 28.12 ± 9.11 kg. This validated BIA measurement of FM in healthy subjects.
Patil et al 20, 21 have also developed a prediction equation which is validated against dual X-ray absorptiometry (DXA) to predict bone mineral content (BMC) in human subjects which is helpful in screening for osteoporosis as follows: where BMC is the bone mineral content in kg, h is the height in cm, w is weight in kg, age in years, Z body50 is body impedance at 50 kHz, and Z body6.25 is body impedance at 6.25 kHz.
Bones in osteoporosis are less dense than normal, causing decrease in their density and increase in resistivity. The correlation obtained with their equation is observed to be 91.36% against DXA. Recently, Subramanian et al 22 have used bioimpedance technique for the assessment of visceral fat area and obtained 92% correlation with the commercial equipments. It needs further validation with respect to computed tomography (CT) or magnetic resonance imaging (MRI). The advantage of BIA measurement is that it can be performed on a given subject any number of times without causing any harm or discomfort to the subject.
PHYSIOLOGICAL VARIABILITY
The clinical applications of IPG do not end with measurement of central and peripheral blood flow, but more important applications are in advance stages of development at several institutes. For instance, the fluctuations in peripheral blood flow or CO are being explored to study the effect of different diseases on the autonomic nervous system (ANS). In this application, continuous IPG signal is recorded from a body segment for a period of 5 minutes. Blood flow index values are then obtained as a function of time from this signal and interpolated to get equispaced values. Fourier transform of this time series then gives the periodicity with which the fluctuations are taking place. Figures 5A and B shows typical heart rate fluctuations in time and frequency domain obtained from a normal subject and a patient with pulmonary tuberculosis. The peak at 0.012 Hz or below represents activity of thermoregulation/baroreceptor reflex/sympathetic nervous system and those at 0.109 and 0.236 Hz represent activity of parasympathetic nervous system and vagal slowing respectively ( Fig. 5) . The Peripheral Pulse Analyzer developed at BARC (Fig. 6) is the continuation of the IPG work carried out during the past 40 years. It is used for the objective assessment of ANS under the influence of different diseases. 23 The unique feature of this system is that it yields heart rate variability, RR variability, and stroke volume/peripheral blood flow variability from a single data acquisition from the subject, which is not possible with any other commercial instrument. Preliminary study carried out on 3,000 subjects show that ANS activity gets selectively modified which may be specific for the disease. To converge this application into a diagnostic tool, data collection on large number of subjects is needed (Fig. 6 ).
In addition to the heart rate fluctuations, variability in peripheral blood flow and pulse morphology has been observed to be markedly modified by serious diseases. For instance, blood flow variability in HIV-positive patients is observed to be chaotic as compared to that in normals and patients with other disorders. Jindal et al 24 have used short-term Fourier transform for deriving the morphology index of peripheral pulse and demonstrated marked difference in the same in patients with coronary artery disease (CAD). It has been shown (Figs 7A to D) that the high-frequency components are significantly reduced in the presence of CAD indicating poor elasticity of the blood vessels. Morphology index thus obtained ranges between 0.3 and 0.45 in patients with CAD against that of control subjects (> 0.80) ( Fig. 7) .
